Comments on 'Anaerobic digestion of microalgae as a necessary step to make microalgal biodiesel sustainable',
One issue concerns the empirical formula chosen for algal protein, and the consequences of this for predicted values of methane and ammonia production. The paper adopts the formula C 6.0 H 13.1 O 1 N 0.6 . This differs significantly from typical literature values for protein such as the C 2.5 H 3.5 O 1 N 0.5 suggested by Angelidaki and Sanders (2004) , who provide the corresponding average formulas for lipid and carbohydrate used by Sialve et al. (2009) . Sialve et al. (2009) state that the formula chosen for algal protein is based on the typical amino acid composition of Chlorella vulgaris as given by Becker (2007) ; but recalculation using this data shows that a better value would be C 1.9 H 3.8 O 1 N 0.5 (Table 1) . Becker (2007) also gives amino acid data for several other algal species, and the calculated empirical formulae for these are very similar to this corrected value for C. vulgaris (Table 1) .
In their paper Sialve et al. (2009) quote literature values for the biochemical composition of several algal species, and use the Buswell equation (Symons and Buswell, 1933) to determine the theoretical methane yield from anaerobic digestion of the biomass. Calculation of biomass methane yields and energy values is not completely straightforward as the compositional data are in ranges, and in many cases the proportions of protein, lipid and carbohydrate do not add up to 100%: for Chlorella pyrenoidosa, for example, the total is only 85%. One reason for this in the present case is because data in the original sources are given on a dry matter or total solids (TS) basis. The resulting specific methane yields should therefore also be quoted on a TS basis, rather than on a volatile solids (VS) basis as in Sialve et al. (2009) .
Where compositional data is presented as a range, a number of approaches are possible for estimating the theoretical methane yield. One is to choose the lowest and highest percentages of each constituent and calculate the minimum and maximum methane yields respectively by ratio from the theoretical values for lipid, protein and carbohydrate, as is done by Sialve et al. (2009) . Alternatively a maximum methane yield could be obtained by taking the minimum values for protein and carbohydrate and the maximum for lipid, which has the highest methane potential. Similar approaches maximising other constituents could be used to give intermediate estimates. Grobbelaar (2004) and reported in Sialve et al. (2009) . These points all support the view that the revised protein formula provides a more typical representation of the algal biomass composition, and therefore of its energy potential. The theoretical specific methane yields suggested by Sialve et al. (2009) are up to 1.5 times greater than those calculated using the revised protein formula on a VS basis, and 1.7 times greater than those on a TS basis.
The biomass composition for Spirulina platensis given in Sialve et al. (2009) is from Becker (2007) rather than the source to which it is attributed (Becker, 2004) ; and a factor of 8 is missing from the denominator of the equation for specific methane yield (Equation 2). Table 3 shows calorific values for algal biomass and its products (lipid, and methane from anaerobically digested residues) for three species grown in normal and low-nitrogen conditions, based on data from Illman et al. (2000) where C, H, N, S and O are the carbon, hydrogen, nitrogen, sulphur and oxygen in the biomass expressed as % VS; in the absence of values for sulphur this component is taken as zero. The calculated CVs based on the theoretical methane yield for the revised protein formula show very good agreement with the measured values. Using the original protein formula, however, the calculated CV is up to 1.3 times higher than the measured values, again suggesting that this version leads to artificially high energy yields. For comparison, the CV calculated using the above version of the Du Long equation is slightly higher than the measured values, but in all but one case is lower than the CV based on the calculated methane yield using the original protein formula. It should be noted that for the algal biomass in Table 3 the total for protein, lipid and carbohydrate in each case is very close to 100%, meaning that there is little difference between the values for methane yield based on percentage composition or empirical formula, and between the CV on a TS or VS basis.
On the basis of their results, Sialve et al. (2009) consider the energetic content of microalgae according to two scenarios, one assuming anaerobic digestion of the whole algal biomass and the other lipid extraction with anaerobic digestion of the residues. The energy values calculated for each component on a MJ kg -1 VS basis are consistent with the previous results, but an overall energy yield for the lipid and residual fraction is then obtained by adding these components together. This is misleading, since one kg of algal biomass when separated into lipid and residue will give only a fraction of a kg of each: to obtain the energy yield from a given quantity of material (or from the algal production expected from a given area, for example), a mass balance approach is needed. According to Sialve et al. (2009) the total energy available in MJ kg -1 VS from separating the lipid and residual components is 110-153% of the value in the unseparated biomass. If these total energy yields for separated products are compared with those calculated using the revised protein formula or with the actual measured calorific value, the range of suggested values is 128-175% of the maximum possible energy yield.
In the final section of their paper, Sialve et al. (2009) argue that for an algal lipid content below 40% the 'energetic added value' from separate lipid recovery is less than 21% of the recovered energy; since algal harvesting and lipid recovery are likely to require 30% of the total energy recoverable from the biomass, they suggest separate extraction is therefore not worthwhile when the lipid content is less than 40%. In fact as noted above separation of the lipid and residual components does not alter the theoretically available energy and, while the lipid fraction may have a higher economic value than the methane, the net energy yield per kg of biomass grown will always be lower because of the energy consumed in the additional separation step. Since harvesting is an essential step in any system of algal biomass utilisation, a more useful value would be an estimate of the additional energy required for lipid extraction, as this allows comparison with the added value of a liquid fuel product on an economic basis. This is of course a simplified picture: in practice the separation process could affect the energy available from the residual biomass, e.g. by changing its anaerobic digestibility or simply due to losses of material in processing. As noted by Sialve et al. (2009) , nitrogen limitation to increase the lipid content may also considerably reduce algal growth rate and biomass yield, leading to a reduction in energy yield per hectare of cultivation.
One final consequence of the choice of protein formula is its impact on the theoretical ammonia concentration in the digestate. Table 4 shows the values calculated using the original and revised protein formulas, expressed as total ammonia nitrogen in mg NH 3 -N g -1 VS as is conventional for anaerobic digestion studies. Apart from an error for Euglena gracilis and a misprint in the maximum value for Scenedesmus obliquus, there is good agreement between the values in Sialve et al. (2009) and those calculated using the original protein formula and percentages. It can be seen, however, that while many of the values obtained using the original formula are already in a range often considered inhibitory to methanogenesis, the revised formula gives values that are even higher. This is important, as these conditions are likely to present a challenge for stable digestion. According to the literature cited in Sialve et al. (2009) and elsewhere, algal biomass is not particularly easy to digest, as indicated by low specific gas yields and solids destruction. This may be helpful in terms of limiting the ammonia concentration in the digester, as undegraded biomass will not release its nitrogen: but in turn means that the process achieves a lower specific energy yield per kg of biomass added.
Determination of realistic values for the energy yields potentially obtainable from algal biomass is a complex problem and the paper by Sialve et al. (2009) provides valuable insights into the key issues; but the above analysis suggests that some of the conclusions with respect to the energy yields, the benefits of lipid separation and the risks of ammonia inhibition should be treated with caution. Table 4 
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